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Posttranslational mechanisms drive fidelity of cellular processes. Phosphorylation and ubiquitination of substrates 
represent very common, covalent, posttranslational modifications and are often co-regulated. Phosphorylation may 
play a critical role both by directly regulating E3-ubiquitin ligases and/or by ensuring specificity of the ubiquitination 
substrate. Importantly, many kinases are not only critical regulatory components of these pathways but also represent 
themselves the direct ubiquitination substrates. Recent data suggest the role of CUL3-based ligases in both proteolytic 
and non-proteolytic regulation of protein kinases. Our own recent study identified the mitotic kinase PLK1 as a direct 
target of the CUL3 E3-ligase complex containing BTB-KELCH adaptor protein KLHL22. 1 In this study, we aim at gaining 
mechanistic insights into CUL3-mediated regulation of the substrates, in particular protein kinases, by analyzing 
mechanisms of interaction between KLHL22 and PLK1. We find that kinase activity of PLK1 is redundant for its targeting 
for CUL3-ubiquitination. Moreover, CUL3/KLHL22 may contact two distinct motifs within PLK1 protein, consistent with 
the bivalent mode of substrate targeting found in other CUL3-based complexes. We discuss these findings in the context 
of the existing knowledge on other protein kinases and substrates targeted by CUL3-based E3-ligases. 



Introduction 

Posttranslational mechanisms drive fidelity of cellular processes. 
Phosphorylation and ubiquitination of substrates represent very 
common, covalent, and reversible, posttranslational modifica- 
tions. Human genome encodes for about 600 protein kinases 
that phosphorylate specific substrates and thereby critically regu- 
late various signaling pathways including cell cycle progression. 2 
Attachment of the small molecule ubiquitin to other proteins is 
conducted by a coordinated action of different El, E2, and E3 
enzymes. 3 There are predicted 600-1000 different E3-ubiquitin 
ligases in human cells, suggesting huge complexity and specific- 
ity of these enzymes. Indeed, unlike most El and E2 enzymes, 
E3 ligases provide substrate specificity, often by association with 
the adaptor proteins. For different members of the Cullin ring 
ligases (CRLs), substrate selection is insured by specific protein 
families, like, for example, F-box protein family members con- 
stitute the SCF complexes (Cullin 1 [CULl]-based), or BTB 
domain-containing proteins build functional CUL3 E3-ligases. 4 
Given a high number of the substrate-specific adaptor proteins 
found in humans (i.e., 200 different BTBs 5 ), numerous ubiqui- 
tination targets of these E3-complexes can be predicted. Indeed, 
recent mass spectrometry approaches suggest existence of about 
5000 different ubiquitination substrates in human cells. 6 On the 
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other hand, another important cell cycle E3-ligase, the anaphase- 
promoting complex/cyclosome (APC/C) utilizes only two dis- 
tinct adaptor proteins (CDC20 and CDH1) that are each able 
to bind and target for ubiquitination and subsequent proteolysis 
many different substrates. 7 

Interestingly, phosphorylation and ubiquitination pathways 
are often interconnected. Phosphorylation may play a critical role 
both by directly regulating E3-ligases and/or by ensuring sub- 
strate specificity. For example, the APC/C subunits and the sub- 
strate adaptors are differentially phosphorylated during mitosis 
and mitotic exit, regulating activity of these enzymes. 8,9 On the 
other hand, the substrates of the SCF E3-ligases need to be phos- 
phorylated, creating a so-called "phosphodegron", in order to 
be efficiently targeted for ubiquitination 10 (Fig. 1). Importantly, 
many kinases are not only critical regulatory components of these 
pathways but also represent themselves the direct ubiquitination 
substrates. In many cases, ubiquitination of the kinases may lead 
to their subsequent proteasomal degradation, ultimately attenu- 
ating their enzymatic activity, as has been demonstrated for some 
mitotic kinases targeted by the APC/C E3-ligase. n However, 
ubiquitination may also serve non-proteolytic functions, lead- 
ing to regulation of subcellular localization, binding affinities, 
or even enzymatic activities. 12 Recent data suggest the role of 
CUL3-based ligases in both proteolytic and non-proteolytic reg- 
ulation of protein kinases (Table 1 and references therein). Our 
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own recent study identified the mitotic kinase PLK1 as a direct 
target of the CUL3 E3-ligase complex containing BTB-KELCH 
adaptor protein KLHL22. 1 CUL3/KLHL22-mediated ubiquiti- 
nation serves a non-proteolytic function and regulates the sub- 
cellular localization of PLK1 specifically at the kinetochores. 
Dissociation of the ubiquitinated PLK1 from kinetochores and 
thereby reduction of its localized kinase activity is an essential 
event for the anaphase onset in human cells. 1 

In this study, we aim at gaining mechanistic insights into 
CUL3-mediated regulation of the substrates, in particular pro- 
tein kinases (Fig. 1). By analyzing mechanisms of interaction 
between KLHL22 and PLK1, we conclude that kinase activity 
of PLK1 is redundant for its targeting for CUL3-ubiquitination. 
Moreover, we find that CUL3/KLHL22 may contact at least two 
distinct motifs within PLK1 protein. We discuss these findings 
in the context of the existing knowledge on other protein kinases 
(Table 1) and substrates targeted by CUL3-based complexes. 

Results and Discussion 

Postranslational modifications of substrates and recognition 
by CUL3 E3-ligases. Several substrate-binding mechanisms 
were identified within the Cullin-RING E3-ligases family. For 
instance, the SCF E3-ligases require previous phosphorylation 
of targeted proteins to create a phosphodegron necessary for 
accurate binding between both components. 4,10 In contrast, the 
APC/C binds to short specific motifs (D-Box, A-box, KEN- 
box) 7 (Fig. 1). The existing data on the regulation of the CUL3 
substrate, transcription factor Nrf2, suggest that Nrf2 may not 
require prior postranslational modification for its binding to 
CUL3/KEAP1 13,14 and is constitutively targeteted for ubiquiti- 
nation under non-stressed cellular conditions. However, little 
is known about the recognition mechanisms by CUL3-based 



ligases toward other reported substrates (Fig. 1) in particular 
protein kinases (Table 1). In order to gain insights into molec- 
ular basis of the kinases binding by CUL3, we have tested if 
the kinase activity of the recently reported substrate PLK1 1 is 
required for its binding to CUL3 adaptor KLHL22. For this 
purpose, GFP tag-protein alone or GFP-tagged PLK1 were 
expressed in HeLa cells. Subsequently, cells were synchronized in 
the mitotic stage by addition of Taxol or specific small-molecule 
inhibitor of PLK1, BI2536, 15 and GFP proteins were immunopre- 
cipitated (Fig. 2). As expected, the treatment with BI2536 abol- 
ished the phosphorylation-dependent mobility shift of the PLK1 
substrate, kinetochore protein BubRl 16 (Fig. 2A), and reduced 
amount of the autophosphorylated form of PLK1 (Fig. 2B). In 
contrast, the HA-tagged KLHL22 (Fig. 2A) and the endog- 
enous KLHL22 (Fig. 2B) efficiently co-immunoprecipitated 
with PLK1 under these conditions, suggesting that kinase activ- 
ity of PLK1 is redundant for its recognition by CUL3/KLHL22 
E3-ligase. These data are consistent with the fact that strong, 
salt-resistant interaction was observed in vitro between PLK1 and 
KLHL22 expressed in bacterial cells, and that downregulation 
of CUL3/KLHL22 did not modulate kinase activity of PLK1. 1 
Interestingly, a number of studies suggest that unlike for many 
SCF E3-ligases, 4,10 there is no evidence that posttranslational 
modifications are required for substrates interactions with CUL3 
E3-ligases. Intriguingly in the case of two BTB adaptor proteins, 
KEAP1 17 and SPOP, 18 substrate phosphorylation inhibits rather 
than promotes their recruitment. Also, regulation of IKK(3 by 
KEAP1 appears to be independent of IKK|3 activity, 15 and the 
kinase-dead mutant of PIPKII|3 was more efficiently ubiquiti- 
nated, and this CUL3/SPOP-mediated ubiquitination was fur- 
ther enhanced by expression of specific phosphatases. 20 A similar 
situation was observed for DAPK, as the kinase-defective and 
kinase-active mutants bound KLHL20 as effectively as the wild- 
type DAPK. 21 During mitotic entry, Aurora A kinase is regu- 
lated by the CUL3/KLHL18 E3 ligase, 22 and this ubiquitination 
event seems to proceed the activation of Aurora A, suggesting 
that KLHL18 interacts with an inactive, unmodified kinase. 
Taken together, all these findings are in a sharp contrast to SCF- 
mediated mechanisms, in which substrate modification induced 
by a stimuli switches on the ubiquitination event. One could 
speculate that for CUL3-mediated ubiquitination events, some 
specific extra- or intracellular factors generate an "off" signal for 
substrate targeting. Indeed, Nrf2 is constitutively recognized and 
ubiquitinated by CUL3/KEAP1, and oxidative stress conditions 
interfere with E3-ligase activity. 13 ' 14 Similarly, DAPK is consti- 
tutively targeted to the CUL3-based ligase under basal condi- 
tions. 21 In both cases, regulation of the substrate ubiquitination 
occurs at the level of the substrate-specific adaptor rather than 
substrate itself. While KEAP1 is oxidized on the specific cysteine 
residues, 13 ' 23 KLHL20 is sequestered away from the substrate into 
PML nuclear bodies under IFN-stress conditions. 21 Interestingly, 
subcellular localization of other mitotic BTB-Kelch proteins 
involved in CUL3 complexes appears to be regulated in a timely 
manner during cell cycle progression. 1,22 ' 24 ' 25 

Insights into molecular architecture of CUL3 ligases. Unlike 
SCF ligases that interact with the phosphorylated residues on the 



Figure I.Two common models of substrates recognition by E3-ligase 
complexes. SCF ligases interact with the phosphorylated residues 
on the substrates, which create a so-called "phosphodegron". The 
APC/C complex recognizes specific short motifs within the amino acid 
sequence of the targeted proteins, and its activity is regulated by phos- 
phorylation. Little is known about mechanisms of substrate targeting 
by CUL3-based E3-ligases. 
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Table I.The list of protein kinases that are direct substrates of CUI_3-based E3-ligases in mammalian cells 



Substrate specific adaptors 


Substrates 


Processes 


Functions 


References 




KLHL9/13/21 


Aurora B 


Mitosis and cytokinesis 


Non-proteolytic 


24 and 35 




KLHL18 


Aurora A 


Mitotic entry 


Non-proteolytic 


22 




KLHL22 


PLK1 


Chromosome segregation 


Non-proteolytic 


1 




SPOP 


PIPKlip 


Phosphoinositide signaling 


Non-proteolytic 


20 




KEAP1/KLHL19 


IKKB 


NF-kB signaling 


Proteolytic 


19 and 34 




KLHL20 


DAPK 


IFN-induced cell death 


Proteolytic 


21 




KLHL3 


WNK1, WNK4 


Blood pressure 


Proteolytic 


33 and 36 





The table summarizes the current knowledge of the kinases, which were identified as the ubiquitination substrates of CUL3-based E3-ligases in mam- 
malian cells. The identity of the substrate specific adaptor proteins, the roles in the physiological process as well as the function of the ubiquitination 
events are depicted. 
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Figure 2. Catalytic activity of PLK1 is not required for its interaction with KLHL22-adaptor protein. (A) Cells expressing GFP alone and GFP-PLK1 were 
transfected with HA-KLHL22 and synchronized in mitosis using Taxol or PLK1 inhibitor BI2536. Extracts were immunoprecipitated using GFP-Trap 
beads. Inputs and immunoprecipitates were analyzed by western blot. (B) Cells expressing GFP alone and GFP-PLK1 only were synchronized and 
analyzed as in (A). The short (SE) and long (LE) exposures of the representative blots are shown. 



substrates, the APC/C complex recognizes specific short motifs 
within the amino acid sequence of the targeted proteins. Recent 
studies offer an insight into molecular architecture of the CUL3- 
based E3-ligase complexes 18 ' 26 and suggest a quaternary assembly 
model, where dimers of BTB-adaptor proteins are engaged in a 
single complex, supporting a bivalent mode of interaction with 
the substrate proteins. Indeed, it has been demonstrated that two 
specific acidic motifs within Nrf2 protein are in a direct con- 
tact with the (3 -propeller constituted of the Kelch repeats within 
KEAP protein, 17,27 and the SPOP adaptor is also able to engage 
multiple-binding sites in one substrate, which could be explained 
by complex structural flexibility and ability to dimerize. 18 
However, little is known about the molecular basis of interaction 
between CUL3-complexes and protein kinases. Interestingly, 
mutagenesis of the A-box and D-box for APC/C-dependent deg- 
radation within Aurora A kinase did not interfere with CUL3- 
mediated ubiquitnation. 22 

Therefore, we aimed at understanding if a bivalent mode of 
substrate-CUL3 interaction is also utilized by PLK1. To this 



end, we expressed and purified the GST-tagged fragments cor- 
responding to entire kinase domain and the regulatory domain, 
the Polo-box domain (PBD) from bacterial cells. Following 
incubation with the full-length, bacterially derived MBP-tagged 
KLHL22 protein, we immunoprecipitated the complexes using 
GSH-Sepharose. As expected, the full-length PLK1 protein 
efficiently interacted with the MBP-KLHL22 protein (Fig. 3), 
consistent with a redundancy for prior posttranslational modi- 
fications for this interaction and with the previous findings. 1 
Interestingly, both PLK1 fragments were able to interact with 
the full-length KLHL22 protein in vitro (Fig. 3). To corroborate 
these findings, we expressed the corresponding fragments fused 
to the GFP-tag in human cells. Following cell synchronization in 
mitosis by Taxol, we immunoprecipitated the complexes formed. 
In contrast to the GFP-protein alone, all GFP-fused forms of 
PLK1 protein were able to efficiently interact with the endog- 
enous KLHL22 protein (Fig. 4). These results suggest that PLK1 
utilizes at least two distinct binding interfaces located within 
two functional domains of the protein (Fig. 5), consistent with 
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Experiment 2 
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Figure 3. KLHL22 interacts with two domains of PLK1 in vitro. (A and B) Recombinant 
GST or GST fused to full-length PLK1 (GST-PLK1), kinase domain fragment (GST-PLK1-KIN) 
and PBD fragment (GST-PLK1-PBD) were incubated with recombinant MBP or MBP fused 
to full-length KLHL22 (MBP-KLHL22), and immunoprecipitated using glutathione-sepha- 
rose beads. Immunoprecipitates (GST-IP) were analyzed by coomassie blue staining and 
western blot. (A and B) represent two independent experiments. 



the bivalent model of substrate interaction with the KEAP and 
SPOP substrate adaptors. 1718 - 27 While KLHL22 binding to the 
kinase domain may, in principle, resemble interactions within 



other BTB-KELCH/kinase complexes, interac- 
tion with the PBD domain is likely to be more 
specific to the family of Polo kinases. The PBD 
can indeed be only found within PLKs from dif- 
ferent species and is critically involved in targeting 
these kinases to specific subcellular localizations, 
acting as a phosphoreceptor-biding domain. 28 " 32 It 
is interesting that the CUL3/KLHL22-mediated 
ubiquitination takes place at the specific lysine res- 
idue (K492) located within the PBD domain and 
interferes with the phospho-receptor-dependent 
interactions of PLK1 at the kinetochores. 1 

While it cannot be rigorously excluded that 
postranslational modifications (i.e., phosphoryla- 
tion), by yet-to-be-identified factors, play a regula- 
tory role for CUL3 complex assembly, our results 
are consistent with the possibility that specific 
motifs within substrate proteins exist that medi- 
ate their binding to CUL3 -complexes (Fig. 5). 
Indeed, a small acidic region within WNK kinases 
mediating its interaction with KLHL3 adaptor 
was recently identified, 33 and, similar to Nrf2, 17,27 
IKKP possess an acidic (D/N)XE(T/S)GE motif 
within its kinase domain that is required for 
KEAP1 binding. 15,34 Before any general rules can 
be formulated, future studies are needed to iden- 
tify the sequence motifs involved in the substrate 
binding to CUL3/KLHL22 and other CUL3- 
based complexes. As many kinases are found to be 
targeted by these E3-ligases (Table 1), these stud- 
ies may also lead to better understanding of the 
general mode of kinase regulation. 

Materials and Methods 



cDNAs. The full-length KLHL22 was cloned into 
pMal-C2X (New England BioLabs) and pcDNA3. 1 
(Invitrogen) in fusion with the N-terminal HA-tag 
as described previously. 1 The full-length PLK1 
(1-603), the PLK1 kinase domain (PLK1-KIN, 
1-320), and the PBD domain (PLK1-PBD, 321- 
603) were cloned into pGex-6Pl (GE Healthcare) 
using EcoRI/XhoI restriction sites and into 
pEGFP-Nl (Clontech) using XhoI/KpnI. The fol- 
lowing primers were used for cloning into pGex- 
6P1: PLK1 N-term (forward): 5'-GCGGAATTCA 
GTGCTGCAGT GACTGCAGG-3'; 
PLK1 C-term (reverse) 5'-CGCCTCGAGT 
TAGGAGGCCT 
PLK1-KIN (reverse): 

ATGGTCAGGC AGGTGAT-3'; PLK1-PBD 
(forward): 5'-GCGGAATTCC CACCAAGGTT 
TTCGATTG-3' and for cloning into pEGFP-Nl: 
PLK1 N-term (forward): 5'-CGCCTCGAGA TGAGTGCTGC 
AGTGACTGC-3'; PLK1 C-term (reverse): 5'-CGGGGTACCC 
CGGAGGCCTT GAGACGG-3'; PLK1-KIN (reverse): 



TGAGACGGT-3'; 
5'-CGCCTCGAGA 
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Figure 4. KLHL22 interacts with two domains of PLK1 in cells. Cells 
expressing GFP alone, GFP fused to full-length PLK1 (GFP-PLK1), kinase 
domain fragment (GFP-PLK1-KIN), and PBD fragment (GFP-PLK1-PBD) 
were synchronized in mitosis using Taxol. Extracts were immunopre- 
cipitated using GFP-Trap beads. Inputs and immunoprecipitates were 
analyzed by western blot. The short (SE) and long (LE) exposures of the 
representative blots are shown. 



5-CGGGGTACCC CGGTCAGGCA GGTGATGG-3'; 
PLK1-PBD (forward): 5-CGCCTCGAGA TGCCACCAAG 
GTTTTCG-3'. 

Recombinant protein expression. E. coli BL21 (DE3) bacteria 
were transformed with the different pGex-6Pl and pMal-C2X 
constructs. Once cultures reached OD 6()0 = 0.4-0.6, they were 
cooled down at 20 °C for 30 min. Expression was subsequently 
induced overnight at 20 °C with 1 mM IPTG. Cells were har- 
vested by centrifugation. GST-fusion proteins were resuspended in 
lysis buffer (50 mM NaCl, 10 mM TRIS-HC1 pH 8, 1 mM DTT, 
Complete Protease Inhibitor Coktail [Roche]), lysed by sonica- 
tion, and supernatant was cleared by centrifugation at 40 000 rpm 
for 1 h using 50.2Ti rotor. The supernatant was incubated for 
2 h with 500 pi of Glutathione Sepharose 4B (GE Healthcare) 
per 1 liter of culture, previously equilibrated in lysis buffer. Beads 
were washed with 50 ml of lysis buffer, and elution was done with 
20 mM glutathione. The elution fraction was dialyzed overnight 
into lysis buffer to remove glutathione and concentrated using 10 
kDa cut-off centrifugal filter units (Amicon). For expression of 
the recombinant MBP-KLHL22 the following lysis buffer was 
used (PBS-EDTA (0.5 mM), 1 mM DTT, Complete Protease 
Inhibitor Coktail [Roche]). The cleared lysate was incubated with 






AUTO-PHOSPHORYLATED 
PLK1 



CUL3/KLHL22-BOUND 
PLK1 



Figure 5. A hypothetical model of the architecture of CUL3/KLHL22 in 
a complex with PLK1. PLK1 interacts with the substrate specific adaptor 
protein KLHL22 independent of its kinase activity. It is possible that 
specific conformational change or modifications by unidentified fac- 
tors, including upstream kinases (Kinase X), regulate affinity of PLK1 to 
KLHL22. KLHL22 binds to two distinct domains of PLK1 and may utilize 
two similar or different motifs within its primary sequence. 



2 ml amylose resin (New England Biolabs) per 1 liter of culture. 
Elution was performed by supplementing lysis buffer with 15 mM 
maltose. The eluate was dialysed in PBS and concentrated using 
50 kDa cut-off centrifugal filter units (Amicon). 

Cell culture, transfections, and synchronization. HeLa 
Kyoto were cultured as previously described 35 and transfected 
using lipofectamine 2000 (Invitrogen), according to the manu- 
facturer's instructions. For mitotic synchronizations, cells were 
treated with 200 nM Taxol (paclitaxel) (Sigma) or 100 nM PLK1 
inhibitor BI2536 (Axon Medchem) for 13 h before harvesting. 

Western blotting, immunoprecipitation, and antibod- 
ies. Preparation of HeLa cells extracts, immunoprecipitation, 
and western blotting were described previously. 1 The following 
antibodies were used in this study: rabbit polyclonal KLHL22, 1 
rabbit polyclonal GFP (abeam ab290, 1:2000), mouse mono- 
clonal BubRI (BD Biosciences 612502, 1:1000), rat monoclo- 
nal HA (Roche 11867423001, 1:1000), and rabbit polyclonal 
pThr210PLKl (Cell Signaling, 1:1000). 
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